Spontaneous emission suppression on arbitrary atomic transitions 
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We propose a very simple scheme to slow down the usual exponential decay of upper state popula- 
tion in an atomic two level system considerably. The scheme makes use of an additional intense field 
with frequency lower than the total decay width of the atomic transition. This allows for additional 
decay channels with the exchange of one or more low-frequency photons during an atomic transition. 
The various channels may then interfere with each other. The intensity and the frequency of the 
low-frequency field are shown to act as two different control parameters modifying the duration and 
the amount of the population trapping. An extension of the scheme to include transitions to more 
than one lower state is straightforward. 

PACS numbers: 42.50.Lc, 42.50.Ct, 42.50.Hz 



Spontaneous decay is one of the main limiting factors for 
a possible application of many physical processes. Ex- 
amples are high frequency lasers, the storage and pro- 
cessing of quantum information, or secure information 
transmission using quantum effects. In all of these ex- 
amples, spontaneous decay or the decoherence caused by 
it limits the experimental feasibility. Thus it is one of 
the main goals of quantum optics to find possibilities to 
strongly reduce or even inhibit spontaneous decay. Var- 
ious schemes have been proposed to overcome the spon- 
taneous decay. 

One possibility is to make use of the quantum Zeno effect 
jjj. This is based on the measurement postulate which 
states that a system is projected into one of its eigen- 
states upon a measurement. If the measurements are 
repeated rapidly, the system evolution may effectively be 
stopped. The technical conditions on the brevity of the 
pulses though may not always be easily fulfilled for every 
transition. Another method is the modification of the 
vacuum surrounding the given atomic system, e.g. by an 
optical cavity Q. By this the mode density at the fre- 
quency of the atomic transition may be altered such that 
the given transition is suppressed. Here the control of 
the environmental modes with cavities is rather challeng- 
ing in reality. Thirdly quantum interference effects may 
be used to find superpositions of more than one upper 
state which are stable [|[ || or almost stable [[| against 
spontaneous decay. In spite of the conceptual beauty, 
the disadvantage here often is the difficulty to provide 
convenient atomic systems which fulfill all conditions for 
interference to be present. 

In this letter, we propose a very simple and practical 
scheme to slow down the usual exponential decay of the 
upper state population of any atomic transition consid- 
erably. An intense low-frequency field is applied to the 
system such that the frequency of the low-frequency field 
is lower than the decay width of the atomic system. The 
intensity is assumed to be constant for the duration dur- 
ing which the decay shall be controlled. Then in addition 



to the usual decay to the ground state, the atom may in- 
teract with the low-frequency field and exchange one or 
more low-frequency photons during an atomic transition. 
This effectively creates different decay paths from the up- 
per to the lower atomic state which may be interpreted as 
an upper state multiplet decaying to a common ground 
state. Neighboring states in the multiplet are separated 
by the low-frequency field frequency. As this frequency 
is low as compared to the decay width of the atom, the 
upper states of this multiplet are closely spaced. Thus 
quantum interference amongst them is possible, which is 
shown to account for the modification of the usual expo- 
nential decay. The analysis is carried out for a two-level 
system but the proposal may be implemented equally 
simple for systems involving multiple transitions as long 
as the frequency of the applied field is smaller than each 
of the decay rates. 

The model system is shown in Fig. |l|. The atomic system 
consists of the states {|e), \g}}. The dotted lines denote 
spontaneous decay while the solid lines denote absorp- 
tions or emissions of low-frequency photons. The figure 
displays three of the possible transitions: the direct de- 
cay and the decay with annihilation/absorption of one 
low-frequency photon. 
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FIG. 1: Three of the possible decay channels on an arbitrary 
atomic transition exposed to an intense coherent field with a 
frequency not exceeding the spontaneous emission rate 7 < -°- ) . 
Destructive interference is shown to virtually inhibit the decay 
process. 
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The model Hamiltonian can be written as the sum of the 
free Hamiltonian Hq and the interaction part Hi 

Hq = fkj g \g)(g\ + huj e \e) (e| + huib^b + tuv k a k a k 

k 

Hi = hY^(g* k a k (T + + g k a\a^j x 

k 

x (1 + g x b + g\tf + g 2 (b) 2 + g* 2 {tff + ...) 

where huj g and huj e are the respective energies of the 
atomic states, b Qr) is the low-frequency photon an- 
nihilation (creation) operator, a k (a k ) are the vacuum 
photon annihilation (creation) operators, er+ {&—) is the 
atomic raising (lowering) operator, g k are coupling con- 
stants to the various vacuum modes and g~i [i = 1, 2, . . .) 
are coupling constants representing the probability for 
a i-photon transition of the low-frequency field. A: is a 
multi index over all possible vacuum modes and polariza- 
tions. The g~i in general cannot be chosen independently; 
their relations depend on the specific atomic system used. 
However the overall probability of any interaction with 
the low-frequency field during an atomic transition, i.e. 
the relation of g~\ to 1 depends on the intensity of the 
low-frequency field and may be externally controlled. 
Using the completeness relation 1 = Y^=q wnere 
|n) is a low- frequency field state with n photons and after 
shifting the summation indices n the interaction Hamil- 
tonian can be written as 
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H ^2^2{g* k a k \e,n)(g,n\+ g k a\ \g,n)(e,n\ 

k n=0 

9k 9i Vna k \e,n- l)(g,n\ + 
gk g* y/na' k \g,n)(e,n- 1| + 



9k 9i VnTT a k \e,n+l) (g, n\ + 
g k gi y/n+l a\ \g, n) (e, n + 1| + 
9k 92 \/n(n- 1) a k \e,n-2) (g, n\ + 
9k g* 2 \Jn{n- 1) a\ \g, n) (e, n - 2| + 



g* k g* 2 y/(n+\)(n + 2) a k \e, n + 2) (g, n\ + 
g k g 2 y/(n+l)(n + 2) a\ \g, n) (e, n + 2| + 
...} 

Thus a two-level system with a low-frequency field which 
allows up to N low-frequency photons to be emitted or 
absorbed during a spontaneous decay process is equiva- 
lent to an atomic system with one lower state \b,n) and 
(2N + 1) upper states {|e, n - N), . . . , |e, n + N)} with- 
out any additional fields but the vacuum. The value for 
N depends on the actual atomic system used, the inten- 
sity of the low-frequency field and the relation of Q to 
the atomic decay width. As will be shown later, N = 1 
already suffices for a considerable slow down of the popu- 
lation decay. However in general the effects become more 
pronounced with increasing N. 



For a strong low- frequency field (n> 1) we can assume 
nwrt+lwn- 1. Defining 
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and equivalent for higher indices as coupling constants 
and 

as generalized ladder operators, the interaction Hamilto- 
nian summed over all low-frequency photon numbers in 
the interaction picture with respect to Hq can be written 
as 
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with Si. = 



uj k as detuning of the fcth vac- 



uum mode from the atomic transition frequency Follow- 
ing the summation over all low-frequency photon num- 
bers, the atomic ladder operator to and from one of 
the upper states er^ and the coupling constants g k ^ 
(j G {— N, . . . , N}) are replaced by the corresponding 
semiclassical entities, for simplicity, without change of 
notation. The system state vector can be written as 
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with time dependent coefficients E^>(t) and G k (t) and 
where |0) denotes the vacuum state, i.e. with no photons 
in the vacuum modes. The equations of motion for the 
different coefficients of the atomic states can easily be 
obtained as in j?) using the Schrodinger equation 



ih-Mt)) = v|*(t)>. 



(2) 



Substituting Eq. (|l|) in Eq. (||), formally integrating the 
equation for G k {t) and resubstituting the result into the 
other equations, we obtain as equations of motion for 
the upper state coefficients after a Wigner-Weisskopf - 
like approximation fl: 
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FIG. 2: Upper state population for different values of u. 
Starting from the top curve the chosen values are Q = 
0; 0.1; 0.3; 0.5; 0.7; 1. The dashed curve is the usual expo- 
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FIG. 3: Upper state population for different values of 7 
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nential decay without the low-frequency field exp(— 7 l 't). ponential decay exp(— 7 1 't) without the low-frequency field 



Starting from the top curve the chosen values are 

; 5; 3; 1; 0.5; 0.1; 0.01. The dashed curve is the usual ex- 
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The other parameters are N 
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2Tr\g"' \ 2 D(uj e — ui g + lui) is the decay rate from the upper 
state I to the lower state with mode density D(u) of the 
vacuum field. With our assumption Co <C (co e — lo 9 ) and 
because the upper states have parallel dipole moments, 
the system may give rise to quantum interference effects 
in the spontaneous decay. These are the reasons for the 
terms containing the j^^K 

For example, in the case N = 1 the set of equations for 
the three upper states is 
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These equations can easily be solved e.g. using the com- 
puter algebra system Mathematica. The total upper pop- 
ulation is then given by 



A' 



n(t)= £ \E^\tt 



j=-N 

To solve the equations, the initial conditions of the 
atomic system have to be specified. A reasonable ini- 
tial condition is E^(0) = 1 with all other coefficients 
equal to zero. This corresponds to the initial conditions 
without the low-frequency field, thus allowing a direct 



comparison of the system behavior with and without the 
low-frequency field. 

Fig. H displays the case N = 1 such that up to one low- 
frequency photon may be exchanged during an atomic 
transition. The dashed curve shows the usual exponen- 
tial decay (exp(— 7'°^)) one would expect without the 
low- frequency field as a reference. The other curves show 
the upper state population for different values of the low- 
frequency field frequency Q. The lower the frequency is, 
the longer is the atomic population trapped in the up- 
per states. For u> = 0, the upper states are degenerate, 
and the upper state population is trapped permanently. 
As shown for the case of two upper levels in Q] this is 
the expected behavior for a system with degenerate up- 
per states. However our model system relies on the fact 
that photons with non-zero frequency may be exchanged 
during an atomic transition. Thus in experiments the fre- 
quency of the additional field may not be chosen too low. 
But in Fig. |^ already for Co = 0.1 there is still more than 
10 % of the population in the upper states at t = 300 
(all frequencies are in units of 7^) and all times in units 
of I/7W). Thus upper state population may be trapped 
over a long period, and the low-frequency field frequency 
acts as a control parameter for the trapping duration. 
In Fig. ||the upper state population is shown for different 
values of j^ 1 '. The dashed curve again is the exponen- 
tial decay as a reference. The higher 7( ±1 ) is, the higher is 
the amount of trapped population. The effect is already 
visible for a very low probability of an exchange of a low- 
frequency photon, but increases rapidly with increasing 
probability for a low-frequency field-assisted interaction. 
Thus the relation j( ±lS > j 7 ( ) acts as a control parame- 
ter for the amount of trapped population in the upper 
states. The two parameters Co and 7( ±1 ) can be chosen 
independently, as the former is the frequency of the low- 
frequency field while the latter depends on the intensity 
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FIG. 4: Population of the different upper states. The ini- 
tial conditions are E m (0) = 1 and £ (±1) (0) = 0. The solid 
line shows the central state population, the dashed line the 
two other populations which are on top of each other. The 
parameters are N = 1,7^°' = 1,7' ±:L ' = 0.5 and Q = 0.1. 



of the low-frequency field. Thus the decay of the up- 
per state population can be controlled by changing the 
low-frequency field parameters. 

For higher values of N, there is no qualitative difference 
to the curves shown in Figs. ^| and ^. However the more 
upper states there are and the higher the corresponding 
decay constants 7W are, the more effective is the popu- 
lation trapping. 

The effects can be understood by considering the 
populations of the upper states separately. Fig. 
^ shows the population of the three upper states 
I-EW^IM^- 1 )^)! 2 , and \E^(t)\ 2 . At t = 0, all the 
population is in the central state 0+^ |<7)|0) (correspond- 
ing to the state |e) |0) without the low- frequency field) due 
to the chosen initial conditions. Then for a short period, 
the center population decays exponentially as without a 
low- frequency field (burst phase). However, due to the 
quantum interference, parts of the population are trans- 
ferred to the other upper states rather than remaining 
in the ground state. After the upper atomic levels have 
reached a certain superposition state, there is a distinct 
change in the system behavior. From now on, the total 
upper state population decays very slowly, while there 
is an oscillatory exchange of population between the dif- 
ferent upper states (quiescent phase). If the decay con- 
stants 7W are chosen symmetrically, the population also 
distributes symmetrically. 

This behavior can be explained along the lines of Q] . The 
system effectively is a superposition of overlapping res- 
onances. Due to quantum interference, their decay may 
be slowed down considerably. The system also exhibits 
both burst phases and quiescent phases. However a cru- 
cial difference is that the system does not seem to fall into 
a burst phase any more after having reached a quiescent 
phase. Thus no external influence but the (continuous 



wave) low-frequency field is necessary, 
ft is important to note that the only condition for this 
scheme to work is that the low-frequency field is possibly 
intense and that its frequency is lower than the decay 
width of the upper state. Thus the scheme is not re- 
stricted to modify only a single transition. If there are 
more than one lower states, a single low-frequency field 
may suppress all transitions with decay width lower than 
the low-frequency field frequency simultaneously. As in a 
three level A-system, the system then gives rise to path- 
way interference to each of the possible final states M. 
Equally, spontaneous emission may be eliminated from a 
set of upper states as long as the frequency of the driving 
coherent field is below each of the decay rates. 
In summary, we have shown that a very simple setup 
consisting of a single additional low-frequency field can 
be used to slow down the decay of an atomic two-level 
system considerably. The system may exchange low- 
frequency photons during atomic transitions. The dif- 
ferent decay paths may be interpreted as a multiplet of 
upper states. Interference between the decay from these 
upper states is responsible for the slow down of the de- 
cay. The intensity and the frequency of the low-frequency 
field act as distinct control parameters for the system in- 
fluencing the amount and the duration of the population 
trapping. A generalization of the scheme to include tran- 
sitions to more than one lower atomic states is straight- 
forward. 
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